Introduction {#Sec1}
============

Colorectal cancer (CRC) is the third most common cancer with high mortality rate globally \[[@CR1]\]. The accumulation of various genetic and epigenetic changes activates multiple oncogenic signaling critical for the pathogenesis of CRC, such as WNT/β-catenin signaling pathway \[[@CR2]\]. Its activation will eventually initiate a transcription-dependent oncogenic process to promote cell cycle progression and apoptosis resistance. While the mechanism for activated WNT/β-catenin signaling to promote CRC development has been well-explored, no therapeutics targeting this pathway has been successfully developed.

In addition to proliferation activation and apoptosis resistance, metabolism reprogramming is one of important hallmarks of cancer cells \[[@CR3]\]. For example, cancer cells favor glycolysis instead of oxidative phosphorylation for glucose metabolism even in aerobic conditions, which was well-known as Warburg effect \[[@CR4], [@CR5]\]. Pyruvate, the last product of glycolysis, is converted into lactate rather than Acetyl-CoA (acetyl coenzyme A) for TCA (Tricarboxylic acid) cycle or the Krebs cycle. Therefore, targeting enhanced glycolysis has been proposed as novel options in the prevention and treatment of human cancers including CRC \[[@CR5]\]. However, as a metabolism hub, TCA cycle is important in both energy production and biosynthesis. Therefore, it needs to be replenished by anaplerotic reactions such as glutaminolysis \[[@CR6]\]. Previously, we reported that heat shock transcription factor 1 (HSF1) stimulated glutaminolysis to activate mTOR and promote CRC development by upregulating the expression of glutaminase 1 (GLS1), the critical enzyme in glutaminolysis \[[@CR7]\]. HSF1 expression was increased in CRC and had a positive correlation with shorter disease-free survival (DFS). However, the upstream mechanism for HSF1 overexpression in CRC was still unclear.

Gene expression can be controlled by multiple processes including transcription, mRNA degradation, translation and protein degradation. While gene translation and protein degradation have been extensively investigated, more and more studies focused on mRNA translation by exploring the effect of non-coding RNAs such as microRNAs (miRNAs) and new modifications of mRNA including N6-methyladenine (m6A) modification \[[@CR8], [@CR9]\]. MiRNAs can form a miRNA-induced silencing complex (miRISC) to posttranscriptionally regulate gene expression by inhibiting cap-dependent initiation and stimulating mRNA deadenylation \[[@CR10], [@CR11]\]. On the other hand, as one of the most abundant modifications in mRNA, m6A modification of mRNAs usually promotes translation by recruiting initiation factors such as eIF3 to the 5′ end of the mRNA \[[@CR12]\]. While miRNAs and mRNA m6A modifications play a distinct role in mRNA translation, the interplays between them were not clarified.

In this study, we found that activated WNT/β-catenin signaling stimulated HSF1 translation to promote CRC development by repressing HSF1 mRNA-targeting miR455-3p to increase m6A modification of HSF1 mRNA. Therefore, targeting HSF1 translation could be a new strategy for the intervention of CRC and other cancers driven by activated WNT/β-catenin signaling.

Materials and methods {#Sec2}
=====================

Cell, antibodies, and chemicals {#Sec3}
-------------------------------

Human CRC cell lines SW480, SW620, DLD1, RKO were obtained from the American Type Culture Collection (ATCC). All cells were routinely cultured in RPMI 1640 (Invitrogen; 11875--093) or DMEM (Invitrogen; 11965--092) supplemented with 10% fetal bovine serum. All cells were incubated at 37 °C with 5% CO2 and 95% humidity. The following antibodies were used for western blotting and IHC: HSF1 (12972S, Cell Signaling Technology, CST; ab52757, Abcam); β-catenin (8480S, CST); β-actin (4970 L, CST); FLAG (F1804--1, Sigma); cyclinD1 (ab134175, Abcam); Cleaved PARP1 (9541-s, CST); METTL3 (a8370, Abclonal); GLS1 (ap8809b, Abgent). Pyrvinium (P0027), LiCl (793620), cycloheximide (R750107), chloroquine (C6628), MG132 (474790) and PD150606 (D5946) were purchased from Sigma-Aldrich.

SiRNA, miRNA mimics/inhibitors transfection {#Sec4}
-------------------------------------------

Small interfering RNA (siRNA) targeting β-catenin, METTL3 and microRNAs were synthesized by Genepharma (Shanghai, China) and RiboBio (Guangzhou, China). The sequence of these siRNAs and miRNAs were listed in Additional file [1](#MOESM1){ref-type="media"}: Table S1. SiRNAs and miRNA mimics/inhibitors were transfected into cells seeded overnight by lipo2000 (Invitrogen, USA) or Lipofectamine RNAiMax transfection reagent (Invitrogen, USA), according to the manufacturer's instructions.

Luciferase activity assay {#Sec5}
-------------------------

The plasmid of β-catenin reporter was gifted from Prof. Ximei Wu (Zhejiang University). For HSF1 activity assay, a fragment containing 3 X HSE were synthesized and inserted into the PGL3-basic vectors (Promega Corporation, USA). The plasmid was co-transfected with pRL renilla and β-catenin siRNA by using lipo2000 (Invitrogen, USA) or treatment with pyrvinium by X-treme GENE HP DNA Transfection Reagent (Roche, USA). 3′-UTR segment of the HSF1 was cloned by PCR and inserted into the vector pMIR-REPORTER (Promega). The mutation of miR455 binding sites in HSF1 3′-UTR was generated by Quick Site-Directed Mutagenesis (600674--51, Stratagene, USA). The resultant plasmids were co-transfected with pRL renilla and miR455 mimics by using lipo2000 (Invitrogen, USA). 48 h post-transfection, the luciferase activity was measured by the Dual-GLO Luciferase Assay System (Promega Corporation, USA).

Chromatin immunoprecipitation (ChIP) {#Sec6}
------------------------------------

ChIP analysis was conducted with the SimpleChIP™ Enzymatic Chromatin IP Kit (CST, USA). Antibodies used were anti-HSF1 (12972S, CST), TCF7L2(C48H11, CST) and FLAG (F1804--1, Sigma). The primers used for the PCR analysis of precipitated DNA were shown in Additional file [1](#MOESM1){ref-type="media"}: Table S2. For FLAG-ChIP assay, the flag-β-catenin vector was transiently overexpressed by transfection. After 48 h, the enrichment of flag-β-catenin on COL27A1 promoter was measured by the ChIP Kit.

Immunoblotting and immunohistochemistry {#Sec7}
---------------------------------------

Immunoblotting and immunohistochemistry (IHC) assays were performed as previously reported \[[@CR7]\]. For Immunoblotting, total proteins were extracted with RIPA buffer supplemented with protease inhibitors (Roche, USA). After heating the protein sample to 95--100 °C for 20 min, cell lysates were transferred to polyvinylidene fluoride (PVDF) membranes. After the membranes were blocked in 5% milk, primary antibody with gentle agitation overnight at 4 °C.

For IHC assay was performed in a tissue array containing 80 cases of colonic tissues. Primary antibodies used were listed above. The degree of immunostaining was assessed by 2 independent pathologists and evaluated by assigning a score of 0--3. Scores were defined as follows: 0, no staining; 1, faint staining; 2, moderate staining and 3, strong staining. Final scores of 0 and 1 were regarded as low expression, whereas scores of 2 and 3 considered as high expression.

Apoptosis detection {#Sec8}
-------------------

Cell apoptosis was measured by flow cytometry analysis and western blotting. For flow cytometry analysis of apoptosis, cells were harvested and re-suspended in 100 μl 1 x binding buffer. 5 μl fluorescein isothiocyanate (FITC) annexin V and propidium iodide (PI) (556,547; BD Biosciences, USA) were added to the cell suspension and then incubated for 15 min at room temperature. After that, the samples were attenuated with 400ul 1 x binding buffer and analyzed by ACS Calibur flow cytometer.

Puromycin-labelling {#Sec9}
-------------------

To detect the change of nascent HSF1 synthesis, 2 X 10^6^ cells were plated in 10 cm dish. After the given treatment, cells were incubated with 1:1000 Biotin-dC-puromycin (NU-925-BIO-S, Jena Bioscience) for 24 h. Cells were lysed with 1% NP40 buffer (20 mM Tris-HCl, PH 7.4, 150 mM NaCl, 1% NP40, 10% glycerol) containing 1X protease inhibitor cocktail. After adequate centrifugation, the supernatant was incubated with 80ul streptavidin sepharose beads (GE17--5113-01, Sigma) by rotating at 4 °C for 6 h to overnight. The mixture was washed by 1% NP40 buffer for 5 times and subjected to western blotting using HSF1 antibody.

Polysome profiling {#Sec10}
------------------

Polysome profiling separates translating or non-translating mRNAs on a sucrose gradient according to the number of bound ribosomes as previously described \[[@CR13]\]. In brief, cells were grown to \~ 80% confluence. Before collection, cells were incubated with 100 μg/ml of cycloheximide for 15 min. Then cells are lysed by polysome buffer \[200 mmol/L KCl, 15 mmol/L MgCl2, 1% Triton X100, 100 μg/mL cycloheximide, 20 mmol/L heparin, and 100 U/mL RNase Inhibitor (Takara), 1X cocktail\] for 15 min on ice, lysates were centrifuged (14,000 rpm for 15 min), and the supernatant was layered onto a 5 to 50% sucrose gradient. Gradients were then centrifuged at 38,000 rpm for 130 min at 4 °C and polysome-bound fractions were collected using an ISCO Density Gradient Fractionation System (ISCO, Lincoln, NE) with continuous monitoring based on A260nm wavelength. The RNA in each fraction was extracted using Trizol reagent (Invitrogen) and analyzed by real-time RT-PCR.

Biotin pull down assay {#Sec11}
----------------------

Biotin pull down assay was performed as described previously \[[@CR14]\]. Cells were transfected with biotinylated miR455-3p probes for 48 h and resuspended using lysis buffer (20 mM Tris, pH 7.5, 200 mM NaCl, 2.5 mM MgCl2, 60 U/mL, SUPERase-In, 1 mM DTT, 0.05% Igepal, protease inhibitors). Lysates were incubated with prepared streptavidin beads (GE Healthcare). Yeast tRNA (Sigma) was used for blocking lysates at 4 °C for 3 h. Then washed 5 times with binding and wash buffer (5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl). Finally, the bound RNAs were extracted and purified for qPCR.

RNA immunoprecipitation (RIP) assay {#Sec12}
-----------------------------------

RIP assay was performed by Magna RIPTM RNA-Binding Protein Immunoprecipitation Kit (Millipore, No.17--700). Briefly, 2 × 10^7^ cells were lysed in 100 μl RIP lysis buffer and immunoprecipitated with antibodies of interest and protein G magnetic beads at 4 °C overnight, followed by six times of washes in Washing Buffer and protein digestion at 55 °C. Total RNA was isolated and subjected to RT-PCR analysis. Following antibodies were used for RIP: N6-methyladenosine (202,003, synaptic); METTL3 (a8370, Abclonal); IgG (2,912,787, Millipore).

RNA-sequencing {#Sec13}
--------------

2X10^6^ WT MEF and HSF1 KO MEF were plated and cultured overnight. Following day, cells were treated with 20 mM LiCl for 48 h. Cells were collected with Trizol reagent. The total RNA was processed by NEBNext® Poly(A) mRNA Magnetic Isolation Module to enrich mRNA, and the product RNA was used for construction Library, via KAPA Stranded RNA-Seq Library Prep Kit (Illumina). Sequencing libraries, denatured by 0.1 M NaOH to generate single-stranded DNA, as amplified in situ Illumina cBot (TruSeq SR Cluster Kit v3-cBot-HS (\# GD-401-3001, Illumina)). The ends of the generated fragments were used to run 150 Cycles by the Illumina HiSeq 4000 Sequencer. All the experimental steps after the RNA extraction were conducted in Kangcheng Biotechnology Co., Ltd. (Aksomics), Shanghai, China. RNA-sequencing was performed three times.

Animal experiments {#Sec14}
------------------

Animal care and experiments were conducted in compliance with Institutional Animal Care and Use Committee and NIH guidelines. The C57BL/6 J mice and Apc^min/+^ mice were purchased from Model Animal Research Center of Nanjing University (MARC, Nanjing, China). HSF1 KO mice reported previously were used to generate Apc^min/+^ mice HSF1^+/−^ \[[@CR7]\]. Subsequently, 4 groups of mice, wild type, Apc^min/+^, Apc^min/+^ HSF1^+/−^ and Apc^min/+^ treated with KNK437 as previously reported \[[@CR7]\], were fed with high-fat diet (45 Kcal% Fat) for 3 months. The intestine was dissected, flushed with PBS and cut open longitudinally along the main axis. The number of tumors was counted and the sizes of tumors were measured.

Statistics {#Sec15}
----------

All data were expressed as mean ± SD. Unless specified, the Student's t-test was performed for statistical significance analysis. *P* value \< 0.05 was considered as statistically significant.

Results {#Sec16}
=======

β-Catenin activates HSF1 in CRC {#Sec17}
-------------------------------

In an effort to explore potential regulations of HSF1, we screened chemicals generating a gene expression pattern similar to HSF1 depletion by connective map (<http://portals.broadinstitute.org/cmap/>) \[[@CR7], [@CR15], [@CR16]\]. Interestingly, a recently reported inhibitor of WNT/β-catenin signaling, pyrvinium, had a similar effect on genome-wide gene expression as HSF1 depletion \[[@CR17]\] (Fig. [1](#Fig1){ref-type="fig"}a and Additional file [2](#MOESM2){ref-type="media"}, Fig.S1A-B). Moreover, the expression signature related to WNT/β-catenin signaling \[[@CR18]\] was positively correlated with the HSF1 signature \[[@CR15]\] (Fig. [1](#Fig1){ref-type="fig"}b), indicating a potential connection of HSF1 with WNT/β-catenin signaling. Indeed, pyrvinium attenuated the activity of a luciferase reporter driven by HSF1 binding sites (HSE, heat shock response elements) \[[@CR19], [@CR20]\] (Fig. [1](#Fig1){ref-type="fig"}c) and reduced the expression of well-known transcriptional targets of HSF1 such as HSP90AA1, HSPA4, HSPB1, and HSPH1 (Fig. [1](#Fig1){ref-type="fig"}d and Additional file [2](#MOESM2){ref-type="media"}, Fig.S1C). Chromatin immunoprecipitation (ChIP) assay further confirmed the reduced interaction of HSF1 with its transcriptional targets (Fig. [1](#Fig1){ref-type="fig"}e and Additional file [2](#MOESM2){ref-type="media"}, Fig.S1D). In consistence with pyrvinium, knock-down of β-catenin by siRNA also decreased HSF1 activity (Fig. [1](#Fig1){ref-type="fig"}f), reduced the expression of HSF1 targets (Fig. [1](#Fig1){ref-type="fig"}g and Additional file [2](#MOESM2){ref-type="media"}, Fig.S1E) and attenuated the interaction of HSF1 with its targets (Fig. [1](#Fig1){ref-type="fig"}i and Additional file 2, Fig.S1F). Furthermore, HSF1 targets were upregulated by the potent GSK3β inhibitor LiCl in colorectal cancer cell line RKO, which had a low level of β-catenin expression (Fig. [1](#Fig1){ref-type="fig"}h). Fig. 1WNT/β-catenin signaling activates HSF1. **a** Chemicals influencing gene expression in a similar manner to HSF1 inhibition were screened by connective map analysis. **b** The correlation of WNT/β-catenin signaling signature and HSF1 signature was detected by GEPIA. **c** The effect of Pyrvinium on HSE-driven promoter activity was explored by luciferase reporter assay. **d** The effects of Pyrvinium on the targets of HSF1 were analyzed by RT-PCR. **e** Binding of HSF1 to the promoters of HSF1 targets in CRC cells treated with or without Pyrvinium was determined by ChIP. **f** The luciferase assays of HSE before and after β-catenin knockdown were shown as in C. **g** and **h** The mRNA levels of HSF1 targets with β-catenin knockdown or LiCl treatment were analyzed by RT-PCR. **i** Binding of HSF1 to its targets promoter in CRC cells before and after β-catenin knockdown was analyzed by ChIP. **j** Volcano plot displays differentially regulated genes in dHSF1 compared to WT parental cells with LiCl. Red dots indicate significantly regulated genes based on adjusted *p*-value and log-fold change (logFC) (*p* \< 0.01, log2FC \> 2). **k** Differential gene expression analysis in WT and HSF1+/− MEF treated with LiCl were performed by RNA-seq. Numbers of upregulated genes in two cells were shown in Venn graph. **l** The correlation of 875 putative HSF1-dependent genes from K with reported HSF1 signature was detected by GEPIA. **m** Numbers of 875 putative HSF1-dependent genes with or without HSE in their promoters were summarized. **n** Representative HSF1 ChIP-seq tracks (NCBI GEO: GSE57398) for 368 HSE-containing genes are shown. Asterisks (\*) indicate *p* \< 0.05

To explore the biological relevance of HSF1 activation to β-catenin signaling, we profiled gene expression of wild type mouse embryonic fibroblasts (WT MEF) and HSF1 knock-out MEF (HSF1 KO MEF) before and after LiCl treatment (NCBI GEO: GSE151119). While only 750 genes were upregulated in LiCl treated-HSF1 KO MEF, there were 1435 genes significantly upregulated in WT MEF after LiCl treatment (Fig. [1](#Fig1){ref-type="fig"}j). Among them, 875 genes displayed a dependence on HSF1 since their expression levels failed to be upregulated by LiCl treatment once HSF1 was depleted (Fig. [1](#Fig1){ref-type="fig"}k). In fact, their expression levels had a high correlation with the expression of a previously reported HSF1 signature (Fig. [1](#Fig1){ref-type="fig"}l). Furthermore, 368 (42%) genes had a HSE (Heat shock response element, HSE) within their promoter regions (Fig. [1](#Fig1){ref-type="fig"}m and Additional file [3](#MOESM3){ref-type="media"}), meaning that they are most likely bona fide targets of HSF1. Indeed, some of them such as Tma16, Dedd2, Hspa9 and Kif21a have been confirmed as the target of HSF1 by ChIP-seq (NCBI GEO: GSE57398) (Fig. [1](#Fig1){ref-type="fig"}n and Additional file [2](#MOESM2){ref-type="media"}, Fig.S1G). Taken together, these results indicated that β-catenin can positively regulate HSF1.

β-Catenin stimulates HSF1 protein translation {#Sec18}
---------------------------------------------

To delineate how β-catenin regulates HSF1, we quantitated protein levels of HSF1 before and after inhibiting β-catenin. Both pyrvinium and β-catenin depletion reduced the protein level of HSF1 (Fig. [2](#Fig2){ref-type="fig"}a and b). In contrast, overexpression of exogenous β-catenin increased HSF1 protein level (Fig. [2](#Fig2){ref-type="fig"}c). Furthermore, HSF1 protein level was increased after activating WNT/β-catenin signaling by LiCl treatment in both RKO and MEF cells (Fig. [2](#Fig2){ref-type="fig"}d). In addition, HSF1 expression correlates well with β-catenin expression in primary tissues (Fig. [2](#Fig2){ref-type="fig"}e and f, *p* \< 0.01, Chi-Square Test). All of these data indicated that β-catenin upregulates HSF1 protein expression. Fig. 2β-catenin stimulates HSF1 protein translation. **a** The effect of Pyrvinium on the protein expression of HSF1 was explored by western blotting. **b** The effect of β-catenin knockdown on HSF1 protein level was analyzed by western blotting. **c** The protein level of HSF1 before and after β-catenin overexpression was analyzed by western blotting. **d** The effect of LiCl on HSF1 protein level in RKO and MEF was analyzed by western blotting. **e** The expression of β-catenin and HSF1 in colorectal tissue was analyzed by immunohistochemistry staining. **f** The correlation between β-catenin expression and HSF1 expression in colorectal tissue was analyzed by chi-square test (\**p* \< 0.01). **g** The effect of β-catenin depletion on HSF1 with puromycin labeling was determined by western blotting. **h** Amount of HSF1 mRNA in various polysome fractions was analyzed by RT-PCR(\**p* \< 0.05)

However, there were no apparent alterations in HSF1 mRNA level after β-catenin knockdown or pyrvinium treatment (Additional file [2](#MOESM2){ref-type="media"}, Fig.S2A and S2B). Meanwhile, the half-life of HSF1 protein was also not changed before and after β-catenin knockdown (Additional file [2](#MOESM2){ref-type="media"}, Fig.S2C). Inhibitors of proteasome, autophagy and calpains all failed to reverse HSF1 protein downregulation induced by β-catenin knockdown (Additional file [2](#MOESM2){ref-type="media"}, Fig.S2D). All of these results implied that β-catenin affects HSF1 protein expression most-likely via translation regulation. Therefore, puromycin labeling assay was employed to monitor the synthesis of nascent HSF1 protein \[[@CR21]\]. As expected, the puromycin labeling of HSF1 was reduced by β-catenin depletion (Fig. [2](#Fig2){ref-type="fig"}g). To further confirm it, mono/polysome fractions from cytoplasmic extracts of CRC cells before and after β-catenin depletion were collected by sucrose gradient centrifugation. The subsequent RT-PCR analysis revealed that β-catenin depletion considerably reduced the presence of HSF1 mRNA in the polysome fraction but increased in non-translating ribosome fractions (Fig. [2](#Fig2){ref-type="fig"}h). In summary, β-catenin upregulates HSF1 expression by stimulating HSF1 protein translation.

HSF1 protein translation is regulated by miR455-3p {#Sec19}
--------------------------------------------------

As microRNAs (miRNAs) play an important role in regulating the efficiency of protein translation, we wondered whether HSF1 protein translation was regulated by microRNAs. Based on bioinformatics screening by TargetScan, miRDB and StarBase, some microRNAs including miR455-3p, miR214-5p, miR431-5p, miR184, miR490-3p, and miR375 were proposed to target 3′-UTR of HSF1 mRNA (Fig. [3](#Fig3){ref-type="fig"}a). After functional validation by western blotting, miR455-3p and miR214-5p, but not other microRNAs, were capable to suppress the expression of HSF1 protein in CRC cells (Fig. [3](#Fig3){ref-type="fig"}b and Additional file [2](#MOESM2){ref-type="media"}, Fig.S3A). However, miR214-5p but not miR455-3p also reduced HSF1 mRNA level (Additional file [2](#MOESM2){ref-type="media"}, Fig.S3B). What's more, an inhibitor of miR455-3p rather than miR214-5p rescued the downregulation of HSF1 protein by β-catenin knockdown (Fig. [3](#Fig3){ref-type="fig"}c and Additional file [2](#MOESM2){ref-type="media"}, Fig.S3C), indicating that miR455-3p might be relevant to β-catenin-involved regulation of HSF1 protein translation. Indeed, miR455-3p inhibited the activity of luciferase driven by wild type HSF1 mRNA 3′-UTR but not its mutant unable to bind miR455-3p (Fig. [3](#Fig3){ref-type="fig"}d). The interaction of miR455-3p with HSF1 mRNA was further confirmed by biotin pull down assay (Fig. [3](#Fig3){ref-type="fig"}e). Based on the analysis of TCGA data (<http://mirtv.ibms.sinica.edu.tw/>), the expression of miR455-3p is lower in colon adenocarcinoma than in normal tissues (Additional file [2](#MOESM2){ref-type="media"}, Fig.S3D). Similarly, qPCR analysis revealed lower levels of miR455-3p in CRC tissues than in adjacent non-tumor tissues (Fig. [3](#Fig3){ref-type="fig"}f). Additionally, we had confirmed high expression of HSF1 in the same cohort of human CRC tissues previously \[[@CR7]\]. Indeed, miR455-3p expression was negatively correlated with the expression of HSF1 (Fig. [3](#Fig3){ref-type="fig"}g). On the other hand, miR455-3p, similar to HSF1 inhibition as we reported recently \[[@CR7]\], reduced the expression of HSF1 targets, induced the viability inhibition and apoptosis activation of colorectal cancer cells (Fig. [3](#Fig3){ref-type="fig"}h-j and Additional file [2](#MOESM2){ref-type="media"}, Fig.S3E-G). The seed sequence of microRNAs was important for targeting mRNA by base-pairing \[[@CR22]\]. Indeed, the seed sequence mutant of miR455-3p could not downregulate the protein level of HSF1 (Additional file [2](#MOESM2){ref-type="media"}, Fig.S4A), confirming the importance of miR455-3p to target HSF1 protein expression. In a word, miR455-3p targets HSF1 mRNA 3′-UTR to inhibit its translation. Fig. 3HSF1 protein translation is regulated by miR455-3p. **a** Overlap of HSF1-targeting microRNAs predicted by TargetScan, miRDB and StarBase. **b** The effect of miR455-3p on HSF1 protein was analyzed by western blotting. **c** The effect of miR455-3p inhibitor on β-catenin knockdown-induced HSF1 downregulation was determined by western blotting. **d** Luciferase activity assay was used to analyze the effect of miR455-3p on the activity of 3′-UTR with or without miR455-3p binding sites (\**p* \< 0.05). **e** The binding between biotin-miR455-3p and HSF1 mRNA was determined by biotin pull down assay (\**p* \< 0.05). **f** Expression of miR455-3p in 12 pairs of fresh CRC tissues and adjacent non-tumor tissues was analyzed by qPCR. **g** The correlation of HSF1 protein and miR455-3p in 12 pairs of fresh CRC tissues and adjacent non-tumor tissues was analyzed. **h** The effect of miR455-3p on viability of CRC cells was explored by MTS assay. **i** The effect of miR455-3p on apoptosis of CRC cells was analyzed using flow cytometry after PI and annexin V-FITC double staining. **j** Apoptosis of CRC cells treated with or without miR455-3p was determined by western blotting

m6A modification of HSF1 mRNA stimulates its protein translation {#Sec20}
----------------------------------------------------------------

In addition to microRNA, mRNA modifications such as N6-methyladenosine (m6A) play important roles in the regulation of HSF1 translation. Interestingly, we noticed that the matching sites of miR455-3p seed sequence in HSF1 mRNA 3′-UTR contains a typical motif of m6A modification (Fig. [4](#Fig4){ref-type="fig"}a), which was supported by bioinformatic analysis (<http://www.cuilab.cn/sramp>) (Fig. [4](#Fig4){ref-type="fig"}b and Additional file [2](#MOESM2){ref-type="media"}, Fig.S4B). Moreover, we have done the MeRIP sequencing in SW620 and found that the 3′-UTR region of HSF1 has one m6A modification site. Intriguingly, this sequence is completely complementary to the seed sequence of miR455-3p (Additional file [2](#MOESM2){ref-type="media"}, Fig.S4C). PCR analysis after meRIP (m6A RNA immunoprecipitation) further confirmed m6A modification of HSF1 mRNA (Fig. [4](#Fig4){ref-type="fig"}c). What's more, the activity of luciferase driven by the mutant HSF1 mRNA 3′-UTR, which was unable to bind miR455-3p but retains the m6A modification site sequence DRACH (D = A, G or U; R = A or G; H = A, U or C) \[[@CR23]--[@CR25]\], was higher than the activity of luciferase driven by wild type HSF1 mRNA 3′-UTR (Fig. [3](#Fig3){ref-type="fig"}d), indicating the importance of m6A modification to HSF1 expression. As the main component of the methyltransferase "writer" complex \[[@CR26], [@CR27]\], METTL3 was also bound to HSF1 mRNA (Fig. [4](#Fig4){ref-type="fig"}d). Once its expression was depleted, m6A modification of HSF1 mRNA was decreased (Fig. [4](#Fig4){ref-type="fig"}e). In consistence with its potential roles in promoting protein translation, such a reduction of HSF1 mRNA m6A modification reduced HSF1 protein expression (Fig. [4](#Fig4){ref-type="fig"}f) and nascent HSF1 protein synthesis (Fig. [4](#Fig4){ref-type="fig"}g). Furthermore, METTL3 depletion considerably reduced the presence of HSF1 mRNA in the polysome fraction but increased in non-translating ribosome fractions (Fig. [4](#Fig4){ref-type="fig"}h), while HSF1 mRNA or the stability of HSF1 protein were not changed (Additional file [2](#MOESM2){ref-type="media"}, Fig.S4D and S4E). Moreover, HSF1 protein was decreased with the knockdown of YTHDF1, which was the reader protein of HSF1 m6A modification (Fig. [4](#Fig4){ref-type="fig"}i). To sum up, m6A modification of HSF1 mRNA was relevant to stimulate its translation. Fig. 4m6A modification of HSF1 mRNA stimulates its protein translation. **a** The sites of HSF1 3′-UTR binding to the seed sequence of miR455-3p was consistent with m6A RNA modification elements "DRACH". **b** Bioinformatic prediction of m6A modification in 3′-UTR of HSF1 mRNA. **c** m6A modification of HSF1 mRNA was analyzed by meRIP (\**p* \< 0.05). **d** Binding of METTL3 to HSF1 mRNA was detected by RIP (\**p* \< 0.05). **e** m6A modification of HSF1 mRNA with or without METTL3 depletion was analyzed by meRIP (\**p* \< 0.05). **f** The protein level of HSF1 before and after METTL3 depletion was detected by western blotting. **g** The effect of METTL3 knockdown on HSF1 synthesis was determined by western blotting after puromycin labeling. **h** Amount of HSF1 mRNA in various polysome fractions was analyzed by RT-PCR(\**p* \< 0.05). **i** The effect of YTHDF1 knockdown on HSF1 protein level was analyzed by western blotting

β-Catenin suppresses miR455-3p to increase HSF1 mRNA m6A modification {#Sec21}
---------------------------------------------------------------------

Next, we explored the interplay between miR455-3p and m6A modification of HSF1 mRNA. Both HSF1 mRNA m6A modification and its binding to METTL3 were decreased by the overexpression of wild type miR455-3p but not its mutant unable to bind to HSF1 mRNA 3′-UTR (Fig. [5](#Fig5){ref-type="fig"}a and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5A). Interestingly, METTL3 depletion not only reduced m6A modification of HSF1 mRNA (Fig. [4](#Fig4){ref-type="fig"}e), but also enhanced the interaction of miR455-3p with HSF1 mRNA (Fig. [5](#Fig5){ref-type="fig"}b and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5B), while the expression of mature and primary miR455-3p was not upregulated (Additional file [2](#MOESM2){ref-type="media"}, Fig.S5C-D). These results indicated that miR455-3p may compete with METTL3 for the m6A modification of HSF1 mRNA, thus inhibiting HSF1 protein translation. Furthermore, the binding of miR455-3p to HSF1 mRNA was not changed by YTHDF1 deletion (Additional file [2](#MOESM2){ref-type="media"}, Fig.S5E), indicating that the translation repression of HSF1 mRNA was more likely to be mediated directly by the reduced m6A modification of HSF1. Fig. 5β-catenin suppresses miR455-3p to increase HSF1 mRNA m6A modification. **a** m6A modification and METTL3 interaction of HSF1 mRNA with WT or mutant of miR455-3p were analyzed by RIP. **b** The interaction between biotin-miR455-3p and HSF1 mRNA with or without METTL3 depletion was analyzed by biotin pull down. **c** The effect of miR455-3p inhibitor and/or β-catenin knockdown on m6A modification of HSF1 mRNA was analyzed by meRIP. **d** The effect of miR455-3p inhibitor and/or β-catenin knockdown on the interaction of METTL3 with HSF1 mRNA was analyzed by RIP. **e** The effect of β-catenin knockdown on interaction of miR455-3p and HSF1 mRNA was analyzed by biotin pull down. **f** and **g** The levels of mature (**f**) and primary (**g**) miR455-3p with β-catenin knockdown or LiCl treatment were determined by RT-PCR. **h** The correlation of COL27A1 and miR455 was analyzed in linkedomics (<http://linkedomics.org/>). **i** The effect of β-catenin depletion or LiCl on mRNA level of COL27A1 was analyzed by RT-PCR. **j** The interaction of β-catenin/TCF7L2 and HSF1 promoter was determined by ChIP. **k** The correlation of β-catenin protein expression with the RNA level of COL27A1 was detected by linkedomics (<http://linkedomics.org/>)

Indeed, miR455-3p inhibitor rescued β-catenin depletion-induced decrease of HSF1 mRNA m6A modification (Fig. [5](#Fig5){ref-type="fig"}c and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5F). Meanwhile, the interaction of METTL3 with HSF1 mRNA was abrogated by depleting β-catenin (Fig. [5](#Fig5){ref-type="fig"}d and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5G), accompanied by the increased interaction of miR455-3p to HSF1 mRNA (Fig. [5](#Fig5){ref-type="fig"}e), and upregulation of mature (Fig. [5](#Fig5){ref-type="fig"}f and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5H), precursor (Additional file [2](#MOESM2){ref-type="media"}, Fig.S5I) and primary miR455-3p (Fig. [5](#Fig5){ref-type="fig"}g and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5J). In contrast, when β-catenin was upregulated by overexpression or LiCl treatment, both mature miR455-3p (Fig. [5](#Fig5){ref-type="fig"}f and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5H) and primary miR455-3p (Fig. [5](#Fig5){ref-type="fig"}g and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5J) were downregulated.

Primary miR455-3p was derived from a pre-miRNA hairpin encoded in intron 10 of the collagen gene COL27A1 \[[@CR28]\](Additional file [2](#MOESM2){ref-type="media"}, Fig.S5K). Actually, COL27A1 expression was significantly correlated with the expression of miR455 (<http://linkedomics.org/>) (Fig. [5](#Fig5){ref-type="fig"}h). Consistent with this, we observed COL27A1 mRNA levels were increased upon β-catenin depletion while decreased after LiCl treatment (Fig. [5](#Fig5){ref-type="fig"}i and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5L). Moreover, β-catenin/TCF7L2 complex could interact with the promoter of COL27A1, while the pair of primers (Negative-chip-primer) at a position far away from the promoter region could not enrich COL27A1 (Fig. [5](#Fig5){ref-type="fig"}j and Additional file [2](#MOESM2){ref-type="media"}, Fig.S5M). Meanwhile, the protein expression of β-catenin was negatively correlated with RNA level of COL27A1 (<http://linkedomics.org/>) (Fig. [5](#Fig5){ref-type="fig"}k). These results indicated that the transcription of COL27A1 was inhibited by WNT/β-catenin signaling, leading to decreased biogenesis of miR455-3p. Therefore, β-catenin facilitates the shift from miR455-3p binding to m6A modification in HSF1 mRNA by suppressing miR455-3p expression, eventually promoting HSF1 protein translation.

Both genetic and chemical inhibition of HSF1 attenuate colorectal carcinogenesis in mice {#Sec22}
----------------------------------------------------------------------------------------

In light of these in vitro findings, we further explored the relevance of HSF1 to colorectal carcinogenesis in Apc^min/+^ and Apc^min/+^ HSF1^+/−^ mice, since the interaction of mouse miR455-3p and mouse HSF1 mRNA seems to be well conserved (mouse miR455-3p seed sequence: CAGUCCA; the binding site in mouse HSF1 mRNA 3′-UTR: tggactg). The expression of HSF1 and its downstream target GLS1 were increased, while miR455-3p expression was reduced, in intestine tissues from Apc^min/+^ mice compared with normal C57BL/6 mice (Fig. [6](#Fig6){ref-type="fig"}a and b). After fed with high-fat diet for 3 months, these Apc^min/+^ mice developed multiple tumors in the intestine (Fig. [6](#Fig6){ref-type="fig"}c). However, both the size and number of tumors were significantly reduced in Apc^min/+^ mice treated with a chemical inhibitor of HSF1, KNK437 and Apc^min/+^ HSF1^+/−^ mice (Fig. [6](#Fig6){ref-type="fig"}d), accompanied by the downregulation of HSF1 targets (Fig. [6](#Fig6){ref-type="fig"}e). All of these results confirmed that HSF1 is a novel downstream target of WNT/β-catenin signaling important to promote CRC development. Fig. 6Both genetic and chemical inhibition of HSF1 attenuate colorectal carcinogenesis driven by active Wnt signaling. **a** Expression of HSF1 protein in bowel tissue of APCmin/+ mice was analyzed by western blotting. **b** miR455-3p expression in bowel tissue of APCmin/+ mice was analyzed by RT-PCR. **c** and **d** The number of polyps per mouse in APCmin/+ and APCmin/+ mice when HSF1 was genetically knocked out or chemically inhibited mice was counted. **e** The downstream targets of HSF1 in APCmin/+ treated with KNK437 and APCmin/+HSF1+/− mice were analyzed by PT-PCR. Asterisks (\*) indicate a *P* \< 0.05. **f** Working model: When Wnt/β-catenin was inactivated, the transcription of COL27A1, the host gene of miR455-3p (miR455HG), was increased so that more miR455-3p was generated to occupy HSF1 mRNA 3′-UTR and prevent it from METTL3-mediated m6A modification, thus repressing HSF1 translation. In contrast, upon Wnt/β-catenin activation, miR455-3p generation was repressed so that HSF1 mRNA accessible for METTL3 binding and m6A modification. Eventually HSF1 translation was stimulated to promote colorectal carcinogenesis

Discussion {#Sec23}
==========

Genetic changes in components of WNT/β-catenin signaling such as deletion of the APC gene and CTNNB1 mutations have been frequently detected in many types of human cancers \[[@CR29]\]. All of these mutations will eventually lead to the activation of WNT/β-catenin signaling, mainly displayed as the accumulation of β-catenin in the nucleus to activate TCF/LEFs-driven transcription of so-called WNT responsive target genes including well-known oncogenes such as c-MYC and cyclinD1 \[[@CR30], [@CR31]\]. However, alternative functions of activated WNT/β-catenin signaling were largely overlooked because of the overwhelming relevance of these well-known targets. For example, β-catenin played an important role in mitotic spindle orientation and cell migration through regulating cytoskeleton in a transcription-independent manner \[[@CR32]\]. In this study, we revealed a new function of WNT/β-catenin signaling in facilitating mRNA m6A modification and stimulating the synthesis of HSF1 protein, which can activate glutaminolysis to promote the pathogenesis of colorectal carcinogenesis \[[@CR7]\].

Recently, RNA modifications such as m6A modification were important for fate decision of target mRNAs \[[@CR12], [@CR33]\] . However, the regulation of mRNA m6A modification under various circumstances were largely unknown. We reported here that β-catenin can enhance the interaction of HSF1 mRNA with METTL3 to increase its m6A modification. As a result, the translation of HSF1 mRNA was activated and β-catenin expression was correlated with HSF1 expression in various cell lines and primary tissues. Recently, more and more non-classical RNA binding proteins (RBPs) including β-catenin were found to interact with multiple mRNAs \[[@CR14], [@CR34]\]. However, we failed to find the direct interaction of β-catenin with METTL3 or HSF1 mRNA (data not shown), thus excluding the direct recruitment of METTL3 by β-catenin. While the mechanism underlying specific interaction of METTL3 to HSF1 mRNA remains to be investigated, we found that miRNAs can affect the accessibility of HSF1 mRNA to METTL3. METTL3 can interact with HSF1 mRNA only when the abundance of miR455-3p was reduced. Once miR455-3p interacts with HSF1 mRNA by base-pairing, the interaction of METTL3 was greatly impaired. It has been reported that miRNA binding sites were remarkably enriched among m6A modification motifs \[[@CR35]\]. Furthermore, overexpressing miRNAs significantly increased the association of target mRNAs with METTL3, whereas downregulating miRNA abundance significantly reduced METTL3 binding on mRNAs \[[@CR35]\]. Unfortunately, the consequences of increased m6A modification on these mRNAs were not shown. It has been well-recognized that the interaction of miRNAs will lead to the degradation of target mRNAs or suppression of mRNA translation. In contrast, m6A modification can generate distinct consequences including stimulating mRNA translation, promoting or preventing mRNA degradation. Therefore, miRNA-promoted m6A modification must be restricted in particular cells or circumstances. Generally, expression-suppressing miRNAs should repress m6A modifications promoting mRNA translation, just like what we presented here that miR455-3p inhibited m6A modification of HSF1 mRNA to impair its translation efficiency. Certainly, it remains to be investigated how miRNA binding exactly interfere the interaction with METLL3. MiRNA binding results in the formation of miRISC, which may impede METTL3 interaction. On the other hand, m6A modification once formed can alter the structure and conformation of mRNA, thus affecting the base-pairing with miRNAs \[[@CR36]\]. Therefore, miRNAs and METTL3 can compete with each other to control the fate decision of mRNAs. Indeed, only wild type miR455-3p but not its mutant with mutations in the seed sequence, interacted with HSF1 mRNA and prevented METTL3 binding. When the increase of miR455-3p was neutralized by miR455-3p inhibitor, β-catenin depletion cannot reduce m6A modification of HSF1 mRNA anymore.

As a result, the abundance of miR455-3p is critical to regulate m6A modification of HSF1 mRNA. Interestingly, we found that β-catenin inhibited the biogenesis of miR455-3p by suppressing the transcription of its host gene COL27A. While β-catenin was well-known to be a transcriptional co-activator, it can also function as a transcriptional repressor to directly repress gene transcription \[[@CR37], [@CR38]\]. For example, β-catenin in complex with LEF1 repressed the transcription of Runx2 targets such as osteocalcin 2 \[[@CR39]\]. Actually, we found more genes were downregulated after LiCl treatment than genes upregulated (Additional file [2](#MOESM2){ref-type="media"}, Fig.S6A). Similar to translational activation, transcriptional repression function of β-catenin depends on its interaction with TCF/LEF1 but recognizes a distinct TCF-binding motif, AGAWAW instead of CTTTGWWS \[[@CR40]\]. Conversion of this unique motif to standard TCF-binding sites switched the mode of regulation from β-catenin-mediated repression to activation, indicating the importance of this motif to transcription inactivation. In consistence with the downregulation of COL27A1 expression by β-catenin, multiple such non-canonical TCF4-binding elements were found in its promoter region. When bound to these motifs by its HMG (high mobility group) domain, TCF can activate gene transcription in the absence of β-catenin. Upon the activation of WNT signaling, β-catenin interacted with TCF and repressed gene transcription although the binding of TCF to these motifs was not altered \[[@CR41]\]. Other co-activators and co-repressors are likely to be involved in this allosteric regulation and warrants further investigations. Nevertheless, β-catenin/TCF complex could interact with other transcriptional co-repressors such as members of the Groucho family \[[@CR42]\]. Alternatively, β-catenin/TCF complex might be able to inhibit the transactivation activity of other transcription factors interacted with the same promoter.

Taken together, β-catenin suppressed the biogenesis of miR455-3p to allow METTL3 binding for m6A modification of HSF1 mRNA, thus stimulating HSF1 mRNA translation. In cancer cells, HSF1 can drive a transcriptional program distinct from heat shock response to support malignant phenotypes \[[@CR15], [@CR43]\]. For instance, HSF1 can drive the transcription of PDK3 (Pyruvate Dehydrogenase Kinase 3) to promote glycolysis in chemo-resistant cancer cells \[[@CR44]\]. It can also recruit DNMT3a to the promoter of miR137HG and repress the biogenesis of GLS1 (Glutaminase 1)-targeting miR137, thus upregulating GLS1 expression to activate mTOR and promote cancer development \[[@CR7]\]. Currently, there are several ongoing clinical trials to evaluate the potential of targeting HSF1 for cancer treatment. Although WNT signaling has been well-known to be important for the development of CRC and many other cancers, no targeting drugs have been developed for clinical application. This study revealed HSF1 as a novel downstream target for β-catenin to promote cancer development, indicating that HSF1-targeting molecules could be tried for the intervention of human cancer driven by activated WNT/β-catenin signaling.

Conclusions {#Sec24}
===========

In summary, β-catenin suppressed the biogenesis of HSF1-targeting miR455-3p to favor METTL3 binding and m6A modification of HSF1 mRNA, thus promoting HSF1 translation. HSF1 expression was upregulated in murine tumors driven by activated WNT/β-catenin signaling and human CRC tissues. Genetic and chemical inhibition of HSF1 significantly attenuated the pathogenesis of CRC in mice. Targeting HSF1 is a potential strategy for the management of human cancers associated with activated WNT/β-catenin signaling.
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